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Abstract The partial system ErPO4–NaPO3–Er(PO3)3 of
the Er2O3–Na2O–P2O5 oxide system has been investigated
by thermoanalytical methods and X-ray powder diffraction.
On the basis of the obtained results the phase diagram of
the partial system is proposed. The system is bounded by
three subsystems: (i) ErPO4–Er(PO3)3, (ii) Er(PO3)3–
NaPO3 and (iii) ErPO4–NaPO3. Their phase diagrams are
proposed. In the Er(PO3)3–NaPO3 subsystem an interme-
diate compound NaEr(PO3)4 occurs; it melts incongruently
at 655 C. It was found that ErPO4 and NaEr(PO3)4 form a
section which is a real system only in the subsolidus region
(below 646 C). Two ternary invariant points (one ternary
peritectic and one ternary eutectic) occur in the investi-
gated partial system ErPO4–NaPO3–Er(PO3)3.
Keywords Phase diagram  Thermoanalytical
investigations  X-ray powder diffraction 
Erbium and sodium phosphate
Introduction
According to literature data, both the phase-pure phosphates
of rare earth elements or yttrium and the ones doped with
different elements can be applied in practice, for instance
as laser or phosphor materials etc. During the course of
searching for new compounds and learning about their
properties, an important role is played by investigations of
phase equilibria which occur in binary and multicomponent
systems. Accordingly, experimental researches on phase
diagrams of oxide systems such as Ln2O3–M2
(I)O–P2O5,
(where Ln denotes La, Ce, Nd, Er and Y; M(I) does Na, K,
Rb) have been conducted in our laboratory for several years
[1–9]. In this paper, the results of a study of phase equilibria
in the Er2O3–Na2O–P2O5 oxide system, within the com-
position range ErPO4–NaPO3–Er(PO3)3 are presented.
Previous phase investigations carried out in the Er2O3–
Na2O,{K2O}–P2O5 systems were rather fragmentary. There
exist literature data concerning a subsystem of KPO3–
Er(PO3)3 [10] and the system Ln2O3–Na2O–P2O5–H2O
(where Ln denotes, among others, Er) [11]. The investigation
reported in Ref. [11] was done at relatively low temperatures
(350 and 500 C). Some literature information concerns, too,
starting materials such as ErPO4, Er(PO3)3 and NaPO3. The
ErPO4 orthophosphate was obtained and investigated some
years ago; its X-ray diffraction (XRD) data were reported in,
among others, papers [12–15]. Those authors have estab-
lished that ErPO4 crystallizes in the tetragonal system, space
group I41/amd. Lattice constants are a = 6.8614(5) and
c = 6.0082(9) A˚ [12]. It has been found in a thermal stability
investigation [16] that ErPO4 melts congruently at about
1896 C and occurs in one polymorphic form.
Moreover, methods of obtaining the Er(PO3)3 meta-
phosphate and XRD data on the compound are widely
depicted in the literature, for example, in [10, 17, 18].
According to information of [10], Er(PO3)3 phosphate melts
congruently at 1424 C, and does not exhibit polymorphic
transitions. Certain discrepancies which are present in the
literature, however, concern the compound’s structure. It has
been established that Er(PO3)3 crystallizes in the monoclinic
system (space group P21/c, lattice parameters a = 11.306,
b = 20.1, c = 10.076 A˚, b = 97.03 [17]; space group Pm,
lattice parameters a = 10.9430(30), b = 6.9710(20), c =
9.6700(20) A˚, c = 91.82(2) [18]).
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NaPO3 metaphosphate melts congruently at 627 C and
occurs in three polymorphic modifications. Transition
points are a/b—at 510 C and b/c—at 404 C [19].
Thermal stability of the metaphosphate has been discussed
in [20]. Its different structures: monoclinic, tetragonal and
orthorhombic are known.
A double metaphosphate NaEr(PO3)4 is also known. It
crystallizes in the monoclinic system (space group P21/n,
lattice parameters a = 7.155(15), b = 12.9870(70), c =
9.662(32) A˚, b = 89.32(2) [21]). NaEr(PO3)4, according to
its stoichiometric composition, should occur as an interme-
diate compound in the subsystem Er(PO3)3–NaPO3, with the
molar ratio of the starting metaphosphates equal to 1:1.
Experimental
Synthesis
For the investigation of the phase equilibria in the partial
system ErPO4–NaPO3–Er(PO3)3, the following commer-
cial reagents were used: Er2O3 (99.9 %), NaH2PO4H2O,
Na2CO3, (NH4)2HPO4—all analytically pure. From these
reagents the phosphates NaPO3, Er(PO3)3, NaEr(PO3)4 and
ErPO4 were synthesized.
Er(PO3)3 was obtained from (NH4)2HPO4 and Er2O3. The
compounds were weighed in stoichiometric amounts accord-
ing to the reaction: 6(NH4)2HPO4 ? Er2O3 ? 2Er(PO3)3 ?
12NH3 ? 9H2O. Then the compounds were thoroughly
mixed, rubbed in agate mortar and then sintered at 450 C for
24 h and at 700 C for 24 h.
ErPO4 was synthesized from the same compounds and in
a similar way as Er(PO3)3, but in this case the reaction was:
2(NH4)2HPO4 ? Er2O3 ? 2ErPO4 ? 4NH3 ? 3H2O. The
compounds were sintered at 450 C for 24 h, at 900 C for
24 h and finally at 1050 C for 2 days.
Erbium and sodium metaphosphate NaEr(PO3)4 was syn-
thesized via the solid-state reaction from Na2CO3, (NH4)2
HPO4 and Er2O3. The substrates were weighed in stoichiom-
etric amounts according to the reaction: Na2CO3 ? 8(NH4)2
HPO4 ? Er2O3 ? 2NaEr(PO3)4 ? CO2 ? 16NH3 ? 12H2O.
Mixing and grounding procedures were as above. The
compounds were sintered at 200 C for 24 h and at 500 C
for 10 days.
Sodium metaphosphate NaPO3 was obtained from
NaH2PO4H2O by dehydration at 300 C for 1 h and at
500 C for 1 h [22].
Samples for thermoanalytical and XRD investigations
were presynthesized by solid-state reaction. The substrates
were weighed out in assumed amounts, thoroughly mixed
and ground in agate mortar and then sintered. The condi-
tions for the presynthesis (i.e. the sintering temperature and
time) were found experimentally.
Measurement equipment
The thermoanalytical investigations were carried out using a
SETSYSTM (TG-DSC 1500; SETARAM) differential ther-
mal analyser (calorimeter) with a balance. The samples
(weighing from 0.010 to 0.018 g) were placed in platinum
crucibles and heated in a temperature range of 20–1300 C,
at a rate of 10 C min-1 under argon. The DTA/TG exper-
iments were carried out using a derivatograph type 3427
(MOM, Hungary). The analytical conditions were: a tem-
perature range of 20–1400 C, a heating rate of 5 C min-1,
platinum crucibles under air, a sample weight of 0.4–0.6 g.
Temperature was measured by means of a Pt/PtRh10 ther-
mocouple which was calibrated against the melting points of
NaCl, K2SO4, Ca2P2O7 and the transition point of K2SO4.
A thermal ‘static’ method and the quenching-in-air
technique were also applied to determine the melting
temperature of the samples. In the thermal ‘static’ method a
sample is heated at a constant temperature and next it is
quenched; more details are described in section ‘‘Results
and discussion’’. A high-temperature vertical-tubular fur-
nace (a temperature range of 20–1750 C; Nabertherm
RHTV 120-300/18) was used in these investigations. The
temperature read-out accuracy was ±5 C.
The phase purity of the parent phosphates and the phase
composition of the samples of the investigated system were
controlled by XRD at room temperature. A SIEMENS D
5000 diffractometer with CuKa radiation, Ni filter, was
used.
Results and discussion
The phase equilibria were investigated by the thermoana-
lytical methods, XRD and ‘static’ thermal techniques. The
phase equilibria that occur in the partial system ErPO4–
NaPO3–Er(PO3)3 has not previously been reported. This
area is surrounded by three subsystems: (i) ErPO4–
Er(PO3)3, (ii) Er(PO3)3–NaPO3 and (iii) ErPO4–NaPO3.
Their phase diagrams were also earlier unknown. The first
two subsystems have a common starting component of
Er(PO3)3. According to [10], the compound melts con-
gruently at 1424 C, though at a temperature of about
1290 C its decomposition starts according to the reaction:
Er PO3ð Þ3! ErPO4 þ P2O5 ð1Þ
In view of the above, investigation was started with
verifying the information. Based on the DTA and TG
curves of the Er(PO3)3 metaphosphate, it was determined
that a small mass loss in the solid phase slowly appeared at
a temperature of about 1200 C (see Fig. 1). For samples
quenched from high temperatures of 1250, 1300, 1350 and
1400 C, XRD patterns revealed reflections typical of
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ErPO4. Moreover, the reflection intensity increased with
increasing temperature of quenching the Er(PO3)3 sample,
and the reflections from the Er(PO3)3 sample gradually
declined. Accordingly, in order to find the congruently
melting point of the Er(PO3)3 metaphosphate, a ‘static’
thermal method was employed. Thus, several portions of
the Er(PO3)3 metaphosphate were prepared and pelleted.
Next each pellet (in a platinum crucible) was placed into
the furnace earlier warmed up to assumed temperatures of
the range from 1400 to 1480 C. After a 5-min period, the
crucible containing a pellet was quickly cooled down in
the air. The short heating time was used for minimizing the
decomposition of the Er(PO3)3 metaphosphate. In such a
way, it was found that Er(PO3)3 melts congruently at a
temperature of about 1480 C (at lower temperatures the
pallets only sintered).
To the determine the phase diagram of the ErPO4–
Er(PO3)3 subsystem, samples of unequimolar mixtures of
parent phosphates (after the mechanical processing; see
‘‘Experimental’’) were presynthesized by the solid-state
reaction. The phase composition of all sinters was checked
by XRD. It was established that the sinters were a mixture
of ErPO4 and Er(PO3)3. The ‘static’ method was employed
to determine the phase equilibria occurring in the ErPO4–
Er(PO3)3 subsystem at high temperatures. The static-
method examination was carried out in the temperature
range from 1300 to 1750 C. It was found that ErPO4 i
Er(PO3)3 gave a simple eutectic system. The determined
eutectic transformation point was at about 1460 C, with
parameters of ca. 90 mass% Er(PO3)3 and ca. 10 mass%
ErPO4. This technique applied to phase-equilibrium
investigation allowed for construction of a phase diagram
confined to the composition range 80–100 mass %
Er(PO3)3. The phase diagram of the ErPO4–Er(PO3)3
subsystem is shown in Fig. 2. Liquidus and solidus curves
are drawn with dashed line; consequently, they have a
suggested shape.
Next, phase equilibria of Er(PO3)3–NaPO3 subsystem
were investigated in the entire composition range at tem-
peratures to about 1000 C. Experimental work was started
with the search for NaEr(PO3)4 double phosphate which
should occur as an intermediate compound in the subsys-
tem under discussion. The empirical formula of the meta-
phosphate indicates a molar ratio of 1:1 for Er(PO3)3
and NaPO3 (i.e. 20.16 mass% NaPO3 and 79.84 mass%
Er(PO3)3). Accordingly, an equimolar mixture of the above
metaphosphates was heated in the solid phase at different
temperatures for different time intervals. The phase com-
position of the all obtained sinters was identified by XRD
analysis. In such a way it was found that the phase-pure
NaEr(PO3)4 could be obtained by a solid-state reaction of
heating a mixture of 1 mol Er(PO3)3 and 1 mol NaPO3 at a
temperature of 500 C for 10 days; the reaction proceeded
slowly. Thus the starting supposition was confirmed;
NaEr(PO3)4 had been observed as an intermediate com-
pound in a Er(PO3)3–NaPO3 subsystem. After employing
the DTA/TG and DSC/TG techniques, it was established
that NaEr(PO3)4 melts incongruently at 655 C to give
Er(PO3)3 (solid) and an NaPO3-rich liquid. DTA curve of
heating (from room temperature to 655 C) showed the
occurrence of a single endothermic effect at 655 C, which
indicated the presence of a one polymorphic modification.
In order to determine the Er(PO3)3–NaPO3 phase dia-
gram, the following samples were investigated by the
thermoanalytical and XRD methods: (1) unequimolar
mixtures of Er(PO3)3 and NaEr(PO3)4 metaphosphates, to
determine the phase equilibria within the composition
range 0–20.16 mass% NaPO3 and (2) unequimolar mix-
tures of NaEr(PO3)4 and NaPO3 metaphosphates, to
determine the phase equilibria within the composition
range 20.16–100 mass% NaPO3. The mixtures were syn-
thesized via solid-state reaction by heating:































Fig. 2 The phase diagram of the ErPO4–Er(PO3)3 system
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– Samples NaPO3-rich (the ones that contained more than
20 mass% NaPO3) at 550 C for 24 h;
– Samples Er(PO3)3-rich (the ones with less than
20 mass% NaPO3) at 550 C for 70 h.
After the mechanical processing, the obtained sinters
were subjected to thermoanalytical investigations. Phase
composition of all sinters was identified by XRD.
Depending on the initial composition of a sample, DTA
and DSC curves of heating showed one, two or three
endothermic effects. An endothermic peak, related to a
temperature of 655 C, occurred within the composition
range 0–54 mass% NaPO3. The effect was ascribed to a
peritectic reaction:
NaEr PO3ð Þ4 sð Þ !
655C
Er PO3ð Þ3 sð Þ þ liquid ð2Þ
All samples of compositions from the range
30–90 mass% NaPO3 exhibited a high endothermic peak
on DTA curves, with the corresponding temperature 605 C.
It was attributed to a eutectic phase transformation. The
liquidus temperature effects were observed on DTA curves
only within the composition range 54–90 mass% NaPO3.
For the part NaPO3-poor, any heating effects were difficult
to unequivocally identify (see Fig. 3). There was, however,
an exception for a sample of the 45 mass% NaPO3
content where a heating effect appeared on the DTA curve
at about 855 C. For this reason, liquidus curve of the above
composition range has been drawn with dashed line as a
suggested one. The peritectic reaction ended at about
54 mass% NaPO3. The eutectic present in the Er(PO3)3–
NaPO3 subsystem melted at 605 C and had a composition of
ca. 80 mass% NaPO3 and ca. 20 mass% Er(PO3)3. The
metaphosphate NaPO3 occurred in three polymorphic
modifications. In the subsystem under discussion, however,
no heating effects related to such transformations were
observed on the DTA curves. The phase diagram of the
Er(PO3)3–NaPO3 subsystem, elaborated on the basis of the
results presented above, is shown in Fig. 4.
In the next stage of experimental work, phase equilibria
occurring in the ErPO4–NaPO3 subsystem were investigated.
The key question was to see whether or not the intermediate
compound of the formula NaErP2O7 would occur in that
system. There were, in fact, known diphosphates from lan-
thanides and alkali metal elements of the formula MILnIIIP2O7
[23–27]. Accordingly, an attempt was made to obtain
NaErP2O7 by the conventional method of solid-state reaction
using ErPO4 and NaPO3 as starting materials. Consequently,
an equimolar mixture of both compounds was heated (in the
solid phase) at different temperatures and using different
time intervals. The phase composition of each sinter was
identified by X-ray powder diffraction. XRD patterns, how-
ever, revealed only reflections typical of ErPO4 and NaPO3.
Consequently, another attempt was done to obtain the
NaErP2O7 diphosphate using Er2O3, Na2CO3 and
(NH4)2HPO4 as the starting materials. Those compounds,
mixed in the molar ratio 1:1:4, were sintered at different
temperatures and time intervals. The sinters’ phase compo-
sition also was identified by XRD. This method, too, failed to
give the binary phosphate of sodium and erbium. In order to
determine phase equilibria and elaborate the phase diagram of
the ErPO4–NaPO3 subsystem, the samples of unequimolar
mixtures of starting phosphates were used. The mixtures were
presynthesized (via solid-state reaction) by heating at 550 C
for 70 h. The obtained sinters were investigated by the DTA
and XRD methods. Subject to a sample’s composition, one or
two endothermic effect occurred on the DTA curves of heat-
ing. A rather strong effect, which appeared for all samples,
was connected with a temperature of 623 C. This effect was







Fig. 3 Fragment of DSC and TG curves of the sample from
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Fig. 4 The phase diagram of the Er(PO3)3–NaPO3 system
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attributed to a eutectic phase transition. The composition at the
eutectic point was ca. 86 mass% NaPO3 and ca. 14 mass%
ErPO4. It should be stressed that, for few samples, it was
possible to DTA identify the heating effects associated with
the melting process. Due to this fact, a true and exact shape of
the liquidus curve could be established only in the NaPO3-rich
area, i.e. above 60 mass% NaPO3. Similar to the case of
Er(PO3)3–NaPO3 subsystem, no heating effects were visible
on the DTA curves of samples from the ErPO4–NaPO3 that
could be ascribed to polymorphic transformations of sodium
metaphosphate NaPO3. Based on the above results, a phase
diagram of the ErPO4–NaPO3 subsystem has been elaborated
and shown in Fig. 5.
Exact determination of phase equilibria in the ErPO4–
NaPO3–Er(PO3)3 partial system, within the entire compo-
sition and temperature range, appeared to be rather com-
plicated. Both NaEr(PO3)4 and Er(PO3)3 are high
temperature unstable. Samples for the investigation were
prepared from starting materials of ErPO4, Er(PO3)3,
NaPO3 and NaEr(PO3)4. Unequimolar mixtures of those
phosphates typically were subjected to heating at different
temperatures and time intervals. The existence of the sec-
tion ErPO4–NaEr(PO3)4 as found by thermoanalytical
investigations and XRD allowed for elaboration of the
relevant phase diagram both for that system and for the
ErPO4–NaPO3–Er(PO3)3 partial system (shown in Figs. 6
and 7, respectively). Samples for investigation of the
ErPO4–NaEr(PO3)4 section were obtained from the starting
phosphates. Their unequimolar mixtures were initially
synthesized as previously in the solid phase, by heating at
550 C for 70 h, which was followed by cooling down to
room temperature. Those sinters exhibited two successive
endothermic effects of heating on the DTA curves in the
entire range of composition, at corresponding temperatures
of 646 and 660 C, respectively. In contrast, a variety of
endothermic effects appeared on the DTA-heating curves
at higher temperatures. Those ones were weak and diffuse,
however, which made an unequivocal interpretation, and
thereby drawing a liquidus line, impossible. In turn, for
the samples that were quenched from temperatures above
660 C, XRD patterns revealed reflections typical of
Er(PO3)3, ErPO4 and also NaPO3 (in trace amounts). Based
on those results as well as theoretical consideration, it was
assumed that the ErPO4–NaEr(PO3)4 section was a true
quasi-binary one only in the subsolidus area, i.e. below
the temperature 646 C. Though, at higher temperatures, it
would have a multiphase character. Above the 646 C
point, in fact, four phases would exist—namely a liquid L,
ErPO4, Er(PO3)3 and NaEr(PO3)4. Consequently, Fig. 6
represents only data obtained from thermal analysis of
heating of sinters of the ErPO4–NaEr(PO3)4 section. The
suggested theoretical phase diagram of the section is shown
in the upper-left corner of Fig. 6.
Phase diagrams of the ErPO4–NaPO3–Er(PO3)3 partial
system is shown in Fig. 7. A double metaphosphate
NaEr(PO3)4 is formed as a result of the peritectic reaction
that goes in the side system at a constant temperature,
according to the reaction:
Er PO3ð Þ3þL p1ð Þ ! NaEr PO3ð Þ4 ð3Þ
Reaction (3), in the partial system, is manifested in the
form of a quasi-ternary peritectic reaction. Indeed, a quasi-
ternary peritectic reaction occurs in the field of ErPO4–P1–
NaEr(PO3)4–Er(PO3)3 (the triple peritectic quadrangle),
which proceeds according to the reaction:
Er PO3ð Þ3þL P1ð Þ ! ErPO4 þ NaEr PO3ð Þ4 ð4Þ
(where L(P1) denotes a liquid of the composition
corresponding to P1 point). The ternary peritectic point
(according to Fig. 6) is 646 C.
Four compounds of ErPO4, Er(PO3)3, NaPO3 and
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Fig. 6 The phase diagram of the ErPO4–NaEr(PO3)4 section
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Each of them crystallizes from the liquid phase. Fields of
primary crystallization are given in Table 1. The fields are
separated by eutectic and peritectic lines. A binary peri-
tectic curve extends from point p1 to P1, along which the
NaEr(PO3)4 phosphate separates according to the reaction:
L p1P1ð Þ þ Er PO3ð Þ3! NaEr PO3ð Þ4 ð5Þ
From point e1 to P1, in turn, a eutectic curve extends
along which the ErPO4 and Er(PO3)3 compounds separately.
Both the above-mentioned curves converge at the point
P1, where the quasi-ternary peritectic reaction (4) proceeds.
This reaction completes solidification of alloys existing in
the ErPO4–NaEr(PO3)4–Er(PO3)3 field. For the alloys
from the ErPO4–P1–NaEr(PO3)4 field, an excess liquid
of L(P1) arises due to the above mentioned peritectic
reaction (4). Accordingly, solidification does not end at
646 C. The solidification process occurs at a labile temper-
ature, from 646 to 586 C, along the eutectic curve P1E1. The
ErPO4 and NaEr(PO3)4 compounds crystallize along the
above eutectic curve (point P1 to E1). NaPO3 and NaEr(PO3)4
crystallize along the e2E1 eutectic curve whereas NaPO3 and
ErPO4 crystallize along the e3E1 eutectic curve. Three
eutectic lines, mentioned above, meet at the ternary eutectic
point E1 where three phosphates NaPO3, ErPO4 and
NaEr(PO3)4 crystallize at a constant temperature of 586 C.
Crystallization of alloys from the ErPO4–NaPO3–Er(PO3)3
partial system ends just at this point. Eutectic and peritectic
lines in Fig. 7 are drawn dashed as their position and shape is
approximate only.
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